Soft-rot Enterobacteriaceae (SRE) typified by Pectobacterium and Dickeya genera are 22 phytopathogenic bacteria inflicting soft-rot disease in crops worldwide. By combining 23 genomic information from 100 SRE with whole-transcriptome datasets, we identified novel 24 genomic and transcriptional associations amongst key pathogenicity themes in this group. 25
between these two themes in Pectobacterium genera, in which T1SS may export Ctv 114 elements through the periplasm. Extensive gene neighborhood and protein domain-115 architecture analyses combined with large-scale sequencing also shed light, for the first 116 time, to the strong topological and transcriptional association of a previously predicted 117 toxin/immunity pair (WHH-and SMI1_KNR4-containing gene-products), to the T6SS 118 machinery. Further evidence uncovered the up-regulation of ~71% (17 out of 24) of the 119 genes in a ~25 kb region during the first 24 hours post-infection (hpi) in Pcb 1692, which 120 comprises a highly conserved capsule biosynthesis cluster in SRE. The analyses also 121 demonstrated that the group 4 capsule (GFC, or G4C) may be the only capsule production 122 region conserved in Pcb 1692. Sequence analyses of gene-products encoded by gfcA locus 123 in a large number of organisms unveiled high sequence variation, suggesting a putative role 124 in the GFC machinery as a serotype-specific membrane protein. ranking amongst the top 1% most up-regulated genes 24 hpi in Pcb 1692 (Table S2 ). This 157 finding suggests a specific high transcriptional demand of pnl in Pcb 1692 during early 158 known as AHH (Pfam: PF14412). Similarly to WHH-family members, the AHH proteins were 243 predicted to be functionally associated with CDI systems in the original report of the family 244 (Zhang et al., 2011) . In most SRE genomes harboring members of the AHH family, no 245 detectable domain in the downstream immunity protein can be observed (Table S4 ). In Pcb 246 1692, similarly to six other SRE genomes, a contig break occurs up to five genes prior to this 247 AHH-member, hindering direct gene neighborhood based conclusions. Nonetheless, in other 248 strains from Pcb, Pcc and Patr species conserving 70-95% of overall genomic synteny with 249
Pcb 1692 (Fig. S1 ) the AHH genes are solidly neighbored by hcp, vgrG and a DcrB domain 250 (Pfam: PF08786) encoding gene, suggesting a role as a T6SS-associated effector (Table S4) . 251
Such arrangement precisely matches the previously assessed HSI-4 region in Pcb 1692 ( Fig.  252   1A) . In addition to the original report of AHH family, these results suggest that the AHH 253 member probably play a role in Pcb 1692 infection as a T6SS-associated nuclease 254
The results show that no cell death occurred due to expression of three of the four effectors 255 between 60 and 240 minutes ( Fig. 2A ). However, expression of the AHH effector, caused a 256 reduction in E. coli growth, indicating that it has a toxic effect on E. coli. This growth inhibition 257 could be counteracted by co-expression of the toxin and immunity gene (AHH+i) in E. coli, 258 suggesting that the previously observed reduced growth was due to the expression of the AHH 259 nuclease ( Fig. 2B ). Thus far, no experimental data exists for the AHH and WHH nucleases, 260 as well as the D123 protein as T6SS effectors. This is the first experimental work featuring the 261 Varani et al., 2013) . In this context, by using a combination of relevant 286 genome-wide approaches (see 'Experimental Procedures'), we detected two prominent 287 prophage regions in Pcb 1692 exhibiting significant activation at the transcriptional level 288 during infection (Fig. 3A ). The first region encompasses 20 genes in Pcb 1692 genome 289 remarkably up-regulated in the first 24 hpi (Fig. 3A ). Moreover 90% of these genes are 290 syntenic with genomic segments in at least 54/60 Pectobacterium strains ( Fig. 3B and Table  291 S5). Interestingly, a genomic segment in P. carotovorum subsp. carotovorum (Pcc) syntenic 292 to the one found in Pcb 1692 was originally described as of prophage origin, regarded as 293 carotovoricin (Ctv) consisting of 19 genes (Yamada et al., 2006) . The report of this 294 bacteriocin has been recently corroborated by in silico analyses in the same species, even 295 extending the putative range of the cluster to 22 genes in Pcc (termed PecaPC1-p2) ( Table  296 S5) (Varani et al., 2013) . In this context, we also detected in P. atrosepticum (Patr) a 297 segment of 12.7 kb containing 11 gene-products highly similar to Ctv sequences 298 12 of 45 (ECA_RS18415-18485). Intriguingly, this segment is located within a previously 299 characterized bacteriophage spanning ~36 kb, designated ECA41 (Evans et al., 2010) . In 300 addition, ECA41 contribution to virulence towards potato hosts was reported, although the 301 mechanism of putative effectors' action remains unknown (Evans et al., 2010) . Curiously, 302 those three reports describing Ctv, PecaPC1-p2 and ECA41 occurred without knowledge 303 convergence based on the detectable homology linking the regions in Patr and Pcc, which 304 our analyses now reconcile under the same Ctv-homologous root. This preliminary 305 observation may provide a robust background for future studies on carotovoricin role in 306 pathogenesis with the combined interpretation of the above-mentioned reports. 307
Furthermore, we observed that Ctv is neighbored by a complete set of T1SS genes in Pcb 308 (PCBA_RS08610-08620) immediately upstream ( Fig. 3C and Table S5 ). In addition, 309 conserved domains analyses revealed two genes in Ctv cluster containing SLT (PFAM: 310 PF01464) and Gp37 (PFAM: PF09646) architectures, both reportedly conserved in bacterial 311 virulence factors (Mushegian et al., 1996 , Summer et al., 2004 . Therefore, the presence of 312 predicted effector functionalities in these genes along with a known secretion system 313 prompted us to assess the degree of conservation of T1SS+Ctv structure. The results 314 support a remarkable conservation of this genomic architecture, displaying a prominent 315 block of at least 13 genes ( Fig. 3C ). This includes (a) two genes comprising a 316 peptidase/inhibitor pair, (b) three T1SS components and (c) eight Ctv genes, under solid 317 conservation in 96.7% of Pectobacterium genomes (59 out of 61). Importantly, this high 318 conservation trend seems to occur regardless of the overall synteny between these 319 genomes ( Fig. S1 and Table S5 ). The T1SS is recognized for its relative simplicity, 320 composed of three core proteins which form a tunnel-like structure in the inner membrane 321 enabling molecule transfer from cytosol to the extracellular space fueled by ATP hydrolysis 322 The second prophage, which apparently has not been described thus far, conserves low 344 similarity with other SRE genomes being mostly confined into Pcb strains (henceforth 345 referred to as PcbPr1) and one Pcc strain ( Fig. 3B ). Blastp searches of PcbPr1 sequences 346 resulted in five proteins out of 64 (7.8%) returning matches against at least 90 SRE species 347 (out of 99) ( Fig. 3B ). In contrast, overall 82.3% of Pcb 1692 protein coding sequences (3376 348 out of 4099) successfully match against at least 90 SRE (Table S6) 
. The low conservation of 349
PcbPr1 is also observable in terms of genomic organization, as 93.7% of the whole PcbPr1 350 structure (60 out of 64 genes) conserves synteny with less than 10% of all Pectobacterium 351 genomes analyzed ( Fig. 3B and Table S6 ). Despite the low degree of conservation, PcbPr1 352 harbors an internal segment spanning 7 kb, in which 88.2% of the genes (15 out of 17) are 353 cohesively up-regulated over the first 72 hpi ( Fig. 3A and Table S6 ). Importantly, 12 out of 17 354 14 of 45 genes in this region encode proteins for which known conserved domains could not be 355 detected. In addition, most of these gene products were clustered in small orthologous 356 groups with sequences from other Pcb and Pcc implying lineage-specific origin (Fig. 3A) . in the next section. As a general rule all these eight entries unsurprisingly display high 398 sequence variation mostly comprising weakly conserved blocks amongst SRE ( Fig. 4A) . 399
These lineage-specific genes presumably comprise a serotype-specific block in SRE 400 polysaccharide biosynthesis. 401
Next, by integrating our annotations with STRING networks, we observed new co-expression 402 (coordinately up-regulated in our dataset) associations between Pcb 1692 orthologs during 403 the course of infection ( Fig. 4B and Table S7 ). The co-expression linking several genes 404 encoding GTs and modification enzymes (e.g. rhlC, rfbA, glf, and wbpE) in our dataset were 405 undetected in STRING, possibly indicating an uncommon genomic architecture in Pcb 1692 406 to be detailed below ( Table S7 ). These blocks in SRE may vary from 13 to 27 genes harboring diverse 426 family-compositions consistently flanked by wza-b-c upstream and gfcBCD downstream. 427
Although blocks ranging from 16 to 20 serotype-specific genes seem to be preferred across 428 SRE genomes, there is no direct association between any particular species and specific 429 block sizes ( Fig. S2 and Table S7 ). This 'unusual' organization of the GFC lineage-specific 430 region in SRE compared to the one in E. coli might explain why some co-expression 431 associations (e.g. gnd and rhlC) in our dataset were not present in STRING database as 432 Since LPS, EPS and capsules share many gene families in their functional units, which 439 greatly hinders fully automatic predictions, the regions in Pcb 1692 genome were manually 440 inspected following an initial automatic screening (see 'Experimental Procedures'). The 441 analysis allowed additional detection of two conspicuous polysaccharide clusters in Pcb 442 1692, although neither of these regions conserve characteristic domains that typify capsule-443 related regions (Table S7 ). Thus, these findings indicate that GFC may be the only capsule 
Analysis of gfcA-related sequences and genomic contexts 464
The inability to assess either orthology or domain conservation for PCBA_RS09180, in 465 addition to the current lack of information regarding the gfcA function prompted an in-depth 466 18 of 45 comparative investigation into this locus. Based on results presented above, 88% of the SRE 467 analyzed genomes carry 'orphan' (not-clustered by OrthoMCL) genes upstream of gfcBCD 468 (Table S7 ). In the remaining 22% strains, we detected gene products from small clusters 469 populated with sequences from three (OG_5444: D. solani, D. dadantii and D. 470 chrysanthemi), two (OG_10199: D. solani, and D. chrysanthemi), and one (OG_7594: D. 471 dianthicola) species (Table S7 ). This clustering pattern in groups populated by a small 472 number of species imply lineage-specific expansions. Furthermore, overall only 10% of SRE 473 strains carry the YjbE domain (PFAM: PF11106) described in E. coli (Table S7 ). These 474 include the two P. betavasculorum analyzed and six out of seven P. atrosepticum strains in 475 the analysis. Hence, the presence of some PCBA_RS09180-related sequences in small 476 clusters represented by no more than three species (e.g. OG_5444 and OG_7594) due to 477 high level of sequence variation, constitutes a typical serotype-specific pattern. 478
Next, in order to test these results in a broader scope we expanded the gene neighborhood 479 analysis beyond of the SRE group. Sequence-based searches were performed in order to 480 retrieve a set of PCBA_RS09180-related proteins in bacteria. Unsurprisingly, Blastp 481 (Altschul et al., 1990) search using PCBA_RS09180 sequence against NCBI (non-redundant 482 protein database) was ineffective. In a preliminary level, this is consistent with the 483 observations found in SRE, that showed high sequence variation in PCBA_RS09180-related 484 sequences. We then utilized a more sensitive approach (Remmert et al., 2011) to obtain 485 distantly related PCBA_RS09180 proteins. Within 50 positive matches, 27 were supported 486 by publicly available genome-wide data, hence suitable for gene neighborhood screening 487 (Table S7 ). From these, three encode YjbE-containing products (PFAM: PF11106) 488 corroborating the relationship between PCBA_RS09180 and yjbE/gfcA. On the other hand, 489 the remaining 24 gene-products display no detectable domain (similarly to PCBA_RS09180). 490
The results revealed that even in evolutionary distant organisms, 91% (22 out of 24) of the 491 PCBA_RS09180 distantly related encoding genes are confined upstream of gfc/yjb-492 homologous operons (Table S7) . Thus, although this locus has been termed yjbE/gfcA and 493 the respective domain described in E. coli assigned as YjbE, this locus is in fact highly 494 (Table S7 ). Together these results uncover 498 the highly variable nature of the gfcA locus in a broad range of prokaryotes, which could be a 499 serotype-specific player in the capsule biosynthesis machinery. 500
Next, the gfcA encoded products from 100 SRE strains were aligned in order to assess 501 possible conserved residues in their sequences. The results revealed a conspicuously 502 conserved N-terminal segment harboring a MKKTLxxLxxxxAxxxxxxA motif (Fig. S3) . 503 matches the conserved region found in the previous alignment, reinforcing their functional 515 conservation (Fig. S3 ). Moreover, secondary structure predictions in the same set of 516 sequences supported that 80% of gfcA orthologs may conserve between one and three 517 transmembrane regions, which is in accordance with the results from GfcA (Supporting 518
Information 5). Together these results suggest that PCBA_ RS09180, and presumably SRE 519 orthologs, could be directed to the inner-membrane (similarly to GfcA) to function as protein, (iii) an initiation sugar transferase, and (iv) a Wzy-like polymerase (Whitfield, 2006) . 529
The Wza/Wzc system is often associated with two highly similar systems that produce 530 respectively group 1 and 4 capsules (Whitfield, 2006) . Curiously, the gene arrangement in 531 SRE's GFC region resembles the one from group 1 capsule described in other species 532 carrying a serotype-specific block downstream of wza-b-c ( Fig. S2) (Rahn & Whitfield, 2003) . 533
Nonetheless, the genome-wide absence of the group 1 capsule-characteristic wzi gene 534 suggests it could not be produced in the vast majority of SRE species, except for P. 535 betavasculorum, and P. carotovorum subsp. actinidiae (Table S7 ). In this context, the results 536 (Table S7) (Valvano, 2003 , Wang et al., 1996 . This WbpL ortholog also 550 features 11 TM helices solidly predicted, which matches the exact number found in WecA 551 from E. coli (Fig. 5 ; Supporting Information 7 and Fig. S5 ). As for the Wzy-like activity, 552 however, the direct association to this Pcb 1692 region is unclear. The WzyE activity in E. as an OM protein, but surprisingly could not be predicted as one (Fig. 5) (Zhou et al., 2006) . 564
The only structurally resolved encoded product from the gfc operon currently published is the 565 GfcC, which is hypothesized to be a periplasmic protein (Sathiyamoorthy et al., 2011) . 566
Together the results presented here show that Pcb 1692 conserves canonical elements of 567 Wza/Wzc system (i.e. wzx/wzy, and wecA) separated from the GFC region, which could 568 support their encoded products as putative participants in the machinery. Additionally, 569 evidence also indicates that PST, GT-4, and WbpL proteins encoded within the serotype-570 specific block of GFC region remarkably mimics structural features respectively found in 571 Wzx, Wzy, and WecA, suggesting they could also undertake similar roles in the wza/wzc 572 system (Fig. 5) . Combined, these analyses expand the current view over GFC region gene- 
Concluding Remarks 580
In this article we presented an integrative approach that takes advantage of extensive public 581 information to produce a reliable background for genome-wide studies in SREs organisms, 
Experimental Procedures 593

Culture media, growth conditions and total RNA extraction 594
Wild type Pcb 1692 strain were grown on nutrient plate at 37°C for 16 hours. Overnight 595 cultures were prepared by inoculating a single colony into 10 ml Luria-Bertani (LB) broth at 596 37 °C for 16 hours with constant shaking at 200 rpm. To obtain potato inoculated Pcb 1692 597 cells, healthy potato tubers (Solanum tuberosum cv. Mondial) were inoculated with Pcb 1692 598 (OD600 = 1) wild type strain as previously described in (Moleleki et al., 2017) .The 599 experiments were performed using three biological replicates, with three tubers per replicate. 600
Macerated potato tissue was scooped out at 24 and 72 hpi and homogenized in double 601 distilled water. Bacterial cells were recovered by grinding the scooped macerated potato 602 tissues in 20 ml of double distilled water using autoclaved pestle and mortar. Starch material 603 was removed by centrifuging ground tissue at 10000 rpm for 1 minute. Potato-inoculated and 604 in vitro cultured bacterial cells were stabilized using the RNAprotect® reagent (Qiagen, USA) 605 according to manufacturer's instructions. Total RNA from in vitro grown and potato-606 inoculated bacteria was extracted as previously described using the RNeasy mini kit 607 (Qiagen, Hilden, Germany). 
Ectopic expression of predicted T6SS-dependent toxins 656
Removal of Rat FABP1 gene from pTrc99A (AddGene) removed some cut sites from the MCS. 657
KnpI and BamHI cut sites were reintroduced into the plasmid by incorporation of the cut sites 658 into the 5' region of the PCR primers (H5907_F/R) (Table S8 ). PCR amplification of 659 PCBA_RS05790 (hypothetical protein upstream of WHH-containing nuclease) incorporated 660 XbaI, KpnI, and BamHI upstream of the ORF and BamHI and SalI downstream of the ORF. 661
The PCR product was subcloned into pJET1.2/blunt and excised with XbaI/SalI restriction 662 digest. pTrc99A (without rat FABP1) was digested with XbaI/SalI and ligated with the excised 663 PCR product. The gene was removed using BamHI digest and the linear plasmid re-ligated. 664
In this manner BamHI and KnpI were reintroduced into the MCS to facilitate cloning of effector 665 genes. The resulting plasmid is referred to as pTrc100 as its MCS differs slightly from pTrc99A, 666 but the rest of the plasmid remains unchanged. 667
Effector genes (PCBA_RS05785: WHH-containing nuclease, SacI/PstI; PCBA_RS05775: 668 D123-containing protein, KpnI/PstI digest; PCBA_RS18045: phospholipase, SacI/PstI digest; 669 and PCBA_RS22965: AHH-containing nuclease, SacI/PstI digest) were ligated into arabinose-670 inducible expression plasmid pCH450; immunity genes (PCBA_RS22965; AHHi; KpnI/PstI 671 digest) were ligated into IPTG-inducible pTrc100, and respectively transformed into E. coli 672 DH5-alpha. Overnight cultures were grown in 0.1% glucose to repress expression from the 673 arabinose-inducible promoter. Cultures were washed in 10 mM MgSO4, adjusted to an OD600 674 of 0.05 in fresh LB broth supplemented with 5 µg/ml tetracycline, 50 µg/ml ampicillin, and 1 675 mM IPTG, as required. After 30 minutes, expression from pCH450 was induced with 0.2% L-676 26 of 45 arabinose. Where necessary, expression from pTrc100 with IPTG was induced immediately. 677
Optical density (600 nm) was measured hourly. 678 679
Collinearity analysis, prophage-origin predictions and capsule regions inspection 680
In order to predict collinear conservation in SRE genomes, we first obtained genomic 681 annotation and protein sequence data from all Pectobacterium and Dickeya strains available 682 on RefSeq database (https://www.ncbi.nlm.nih.gov/refseq) (Table S9) (2017) . Next, the Pcb 1692 genome was programmatically scanned for segments harboring 700 at least three consecutive matches carrying the above-mentioned capsule-related domains 701 with two non-matches gap allowed for greater sensitivity. These segments were then 702 manually inspected in an effort to identify detectable functionality in the adjacent genes that 703 could support the existence of a capsule region. The PCBA_RS09180-related sequences were obtained using HHblits online tool by default 708 parameters (Remmert et al., 2011) . HHblits positive hits were filtered by at least 40 matched 709 amino-acid columns in HMM-HMM alignment, representing ~40% of the query 710 (PCBA_RS09180) sequence (Table S7 ). Next all above-threshold entries were retrieved. 711
Out of 50 above-threshold entries, 27 were supported by publicly available genome-wide 712 data, making them suitable for gene neighborhood screening. Genomic data for these 27 713 
